The division of chronic lymphocytic leukemia (CLL) into 2 major subsets, based on the presence or absence of a significant level of somatic mutations in the immunoglobulin variable (V) region genes has had a major effect on our understanding of this B-cell malignancy. [1] [2] [3] The difference in clinical behavior, with unmutated CLL (U-CLL) showing a worse prognosis, is clearly relevant for clinical management, and has led to an intensive search for more easily measurable markers that parallel V-gene status. Meanwhile the subtle differences in the biology of the tumor cells that dictate the variable course are being sought. Gene expression analysis detected up-regulation of several cell cycle-associated genes in U-CLL. 4 A powerful discriminator was identified as the protein tyrosine kinase -associated protein 70 (ZAP-70), with a 4-to 5-fold increase in U-CLL. 5 Expression at the protein level was also shown to be highly associated with U-CLL, 6 and measurement by flow cytometry appears to provide a clinically relevant surrogate marker for prognosis. 7 ZAP-70 is a member of the Syk family of tyrosine kinases and is known to be a critical component of the T-cell receptor signaling pathway. 8 It was an unexpected component of a B-cell malignancy because it was thought to be confined to T cells and natural killer (NK) cells. 9 However, ZAP-70 can be expressed in normal B cells, 9 and the high level of expression in U-CLL, but not in mutated CLL (M-CLL), added to the interest in possible differences in signaling pathways between the subsets.
Introduction
The division of chronic lymphocytic leukemia (CLL) into 2 major subsets, based on the presence or absence of a significant level of somatic mutations in the immunoglobulin variable (V) region genes has had a major effect on our understanding of this B-cell malignancy. [1] [2] [3] The difference in clinical behavior, with unmutated CLL (U-CLL) showing a worse prognosis, is clearly relevant for clinical management, and has led to an intensive search for more easily measurable markers that parallel V-gene status. Meanwhile the subtle differences in the biology of the tumor cells that dictate the variable course are being sought. Gene expression analysis detected up-regulation of several cell cycle-associated genes in U-CLL. 4 A powerful discriminator was identified as the protein tyrosine kinase -associated protein 70 (ZAP-70), with a 4-to 5-fold increase in U-CLL. 5 Expression at the protein level was also shown to be highly associated with U-CLL, 6 and measurement by flow cytometry appears to provide a clinically relevant surrogate marker for prognosis. 7 ZAP-70 is a member of the Syk family of tyrosine kinases and is known to be a critical component of the T-cell receptor signaling pathway. 8 It was an unexpected component of a B-cell malignancy because it was thought to be confined to T cells and natural killer (NK) cells. 9 However, ZAP-70 can be expressed in normal B cells, 9 and the high level of expression in U-CLL, but not in mutated CLL (M-CLL), added to the interest in possible differences in signaling pathways between the subsets.
The B-cell receptor (BCR) is critical for survival of normal peripheral B cells. 10 It is also likely to have a role in maintenance or growth of tumors derived from mature B cells, which are rarely sIg Ϫ . In CLL, levels are low compared to normal B lymphocytes and to other B-cell malignancies. Based on observations of self-reactive B cells in double transgenic mice continuously expressing antigen, 11 it has been suggested that the low levels reflect an anergic state consequent on interaction with antigen in the absence of T-cell help. 12 However, no direct evidence for this had been obtained.
The BCR includes sIg and the Ig-␣/Ig-␤ heterodimer (CD79a and CD79b) associated noncovalently in a 1:1 ratio. 13 Following engagement of antigen, receptors aggregate leading to phosphorylation of the Ig-␣/Ig-␤ ITAM motifs by Src-family tyrosine kinases, including Lyn. 14 Recruitment and phosphorylation of other kinases, with Syk being an important component, then activates intracellular signaling cascades. Phosphorylation of Syk therefore provides an indicator of membrane proximal events that depend on the structural integrity and oligomeric form of the BCR. It is this ability to signal via Ig-␣/Ig-␤ that is critical for survival of mature normal B cells. 15 We 16 and others 17 have reported that this early response to ligation of sIgM in CLL varies between the subsets, with an increased tendency for U-CLL to phosphorylate Syk. A parallel phosphorylation of ZAP-70 with recruitment to the BCR has also been observed. 17 Our early data also indicated that 10 of 14 cases of M-CLL, which failed to signal via sIgM, were capable of signaling through sIgD. 16 It is known that phosphorylated Syk itself phosphorylates several proteins including B-cell linker protein (BLNK), which then acts as a docking site for further proteins of the signaling cascade. One of these is phospholipase C ␥ (PLC␥), an enzyme that hydrolyzes polyphosphoinositide, producing inositol 1,4,5-triphosphate and diacylglycerol. The effect is to increase intracellular calcium [Ca 2ϩ ] i with subsequent activation of protein kinase C and Ras. Because the rise in [Ca 2ϩ ] i is a key event in the response to ligation of the BCR in CLL, and correlates with the induced phosphorylation of BLNK and PLC␥, 18 we have used this as a more quantitative downstream measure to analyze events in single cells and to compare responses in the 2 subsets of CLL.
We find that the number of cells within a clone able to respond to sIgM ligation in vitro varies between cases but is generally higher in U-CLL. There is, therefore, an inevitable association with expression of CD38 and ZAP-70. However, we detected no direct influence of CD38 expression on signaling capacity. Also, although ZAP-70 remains a potential modulator of signaling, expression as currently measured is not a prerequisite, especially for M-CLL. A much stronger determinant of response in M-CLL is the level of expression of sIgM.
Strikingly, spontaneous recovery of signal capacity and of sIgM expression occurs in many cases on incubation in vitro. Recovery can also occur following removal of sIgM by anti-immunoglobulininduced endocytosis. In both situations, reversal provides the first direct evidence for engagement of a BCR ligand, possibly an autoantigen, in vivo. The term "anergy" has been used widely to describe the tumor cell status in CLL. 12 We are now better able to define this state as a reduced responsiveness to sIgM ligation, as compared to sIgD. Reversibility further refines the definition and points to antigen-induced modulation of sIgM, occurring in vivo. Differing levels of consequent anergy in U-CLL and M-CLL may influence malignant behavior.
Patients, materials, and methods

Patient material
Approval was obtained by the Southampton University Hospitals National Health Service (NHS) Trust from the Southampton and South West Hampshire Research Ethics Committee. Informed consent was provided in accordance with the Declaration of Helsinki. Blood was obtained from 112 patients with typical CLL who attended the hematology outpatient clinics at the Royal Bournemouth Hospital, Hammersmith Hospital, Leicester Royal Infirmary, Portsmouth Hospital, Southampton General Hospital, and the Royal Wolverhampton Hospitals NHS Trust. A total of 104 of the 112 were assigned to stage A, 5 to stage B, and 3 to stage C. All were untreated apart from 5 patients who had been treated previously but who had received no chemotherapy for more than 6 months. Peripheral blood mononuclear cells (PBMCs) were isolated by Lymphoprep gradient centrifugation (AxisShield Diagnostics, Dundee, United Kingdom) washed, and cryopreserved in RPMI 1640 medium supplemented with 10% DMSO and 15% fetal calf serum. CLL samples were thawed in complete RPMI 1640 medium containing 10% fetal calf serum, 2 mM glutamine, and 1% sodium pyruvate. Cells were pelleted by centrifugation, resuspended in complete medium, and counted. Cells were allowed to recover by incubation for 1 hour at 37°C. Cell viability was 90% to 100% and the proportion of contaminating normal B cells in each CLL sample as determined by fluorescence-activated cell sorting (FACS; CD19 ϩ CD5 Ϫ ) was less than 1.0%.
Immunoglobulin gene analysis
V H gene mutational status was determined as previously described. 3 A V H leader primer mix and a C100 primer were used to amplify heavy-chain genes from cDNA. 19 All nucleotide sequences were aligned to the V-base directory, 20 and mutational status was determined using a 98% cutoff. 3 
Flow cytometry
Thawed lymphocytes were stained for 30 minutes at 4°C with anti-CD5 PerCP-Cy5.5, anti-CD19 APC, and relevant FITC/PE-labeled antibodies.
For CD38 analysis, anti-CD38 PE (clone HB7; BD Biosciences, Oxford, United Kingdom) was used, and cases with at least 30% expressing tumor cells were designated as positive. 2 For sIg analysis, rabbit F(abЈ) 2 anti-IgM PE and rabbit F(abЈ) 2 anti-IgD FITC (Dako, Ely, United Kingdom) were used. Data were acquired on a BD FACSCalibur with CellQuest Pro software. Mean fluorescence intensity (MFI) and percent positive staining were measured relative to the appropriate isotype control for the CD5 ϩ CD19 ϩ lymphocyte population. Determination of ZAP-70 status was carried out as described by Crespo et al. 7 Cases where 20% or more of tumor cells expressed ZAP-70 were designated as ZAP-70 ϩ . 7
Measurement of intracellular calcium
Calcium mobilization was measured using the fluorogenic probe, Fluo3-AM. 21 Total lymphocytes were assayed to minimize cell handling, and complete RPMI 1640 medium was used to optimize viability and allow assessment of calcium mobilization from both intracellular and extracellular stores. 22 PBMCs at 10 7 cells/mL were incubated with 4 M Fluo3-AM (Invitrogen, Paisley, United Kingdom) and 0.02% (vol/vol) Pluronic F-127 (Sigma, Poole, United Kingdom) for 30 minutes at 37°C. Cells were then washed and resuspended at 5 ϫ 10 6 cells/mL at room temperature. Cells (250 L) were warmed to 37°C for 5 minutes prior to acquisition of background fluorescence (ie, of unstimulated cells), followed by addition of 20 g/mL goat F(abЈ) 2 anti-human IgM or IgD (Southern Biotechnology, Cambridge, United Kingdom) and data acquisition for a further 5 minutes. Data were acquired on a BD FACScalibur and analyzed using FlowJo software (Tree Star, Ashland, OR). To confirm that absence of anti-IgM/IgDinduced [Ca 2ϩ ] i fluxes observed in some samples was not due to technical artefacts, these samples were subsequently treated with 1 M ionomycin (Sigma), which elicited robust calcium fluxes in all samples.
To calculate the percentage of cells that exhibited increased fluorescence following addition of anti-IgM/IgD we first established a background fluorescence threshold (T) for each sample at the fluorescence intensity of the 85th percentile of unstimulated cells ( Figure 1) ; pilot experiments demonstrated that this level most clearly separated background and anti-immunoglobulin stimulated fluorescence. We then calculated the peak percentage of cells that exhibited an increase in fluorescence intensity above T following treatment with anti-IgM/IgD. The percentage of cells responding was corrected to take account of non-B cells (usually Ͻ 10%) in the live lymphocyte gate.
Anti-IgM-induced calcium mobilization was initially measured in a total of 112 samples, with reproducible results (mean SD Ϯ 3.4%). Because some samples exhibited calcium fluxes in a relatively small percentage of cells (5%-15%), further assays were performed to determine the robustness of the measurements in this range. Reproducibility was critical for subsequent use of a cutoff value (5%) to assign cases as responders or nonresponders. Depending on availability of material, a minimum of 2 and up to 9 measurements were made for samples of nonresponders (n ϭ 14) or modest responders (n ϭ 14). The measurements were reproducible (mean SD ϭ Ϯ 2.6%). Of the 112 cases, 5 had a SD crossing the 5% cutoff, rendering it impossible to confidently assign a signaling status. These 5 samples were excluded from analyses requiring assignment of signaling status.
Endocytosis and re-expression of sIg
Cells were either untreated or treated with 20 g/mL polyclonal goat anti-light chain F(abЈ) 2 (Southern Biotechnology) for 1 hour at 37°C. Both untreated and treated cells were washed twice in complete RPMI and distributed to 24-well plates. At the indicated time points, cells were removed to determine both sIgM and sIgD MFI and the ability of the cells to increase [Ca 2ϩ ] i via ligation of each isotype.
Statistics
When comparing CLL subgroups, P values were calculated using the Mann-Whitney test (2-tailed, 95% CI). Statistical analyses were performed using GraphPad Prism software (San Diego, CA).
Results
Assessment of sIgM-mediated signaling capacity.
We measured signaling responses at the single-cell level by analyzing the increase in [Ca 2ϩ ] i by flow cytometry. The calcium flux in response to cross-linking of sIgM varied between cases, ranging from a complete response, where all cells showed a significant increase in fluorescence ( Figure 1A ) to no response ( Figure 1B) . A number of cases gave a partial response, where only a proportion of the tumor cells showed an increase in fluorescence ( Figure 1C ). To demonstrate this, we calculated the percentage of cells showing an increased [Ca 2ϩ ] i in each sample, rather than the median or mean increase in fluorescence. A cutoff of 5% was selected for 2 reasons: first, as the lowest level of a reproducible response, and second, as a distinguishing feature of a responding tumor cell population from that of nonresponders, which were totally and reproducibly unable to respond.
Because all our samples were frozen, we checked if there was any effect on signaling due to the freezing and thawing process. For 2 patients (232 and 201), samples were available at 2 separate time points, 1 year and 2 years apart, respectively. The sIgM-Ca 2ϩ signaling status remained unchanged in both with the weak signaller remaining weak (7% versus 5%) and the strong signaller remaining strong (68% versus 54%). Overall, the ability to mobilize calcium in response to ligation of sIgM appeared to be reproducible in terms of the assay, and, in the limited available assessment, over time in individual patients.
We 
Comparison of subsets of CLL
The percentage of cells responding to sIgM ligation by calcium flux was highly variable between cases but, using the cutoff point of 5% of responding cells, 59 of 112 (53%) cases were designated as "responders." U-CLL had significantly more responders than M-CLL ( Figure 2A ) with a majority of cases (30 of 41; 73%) showing a [Ca 2ϩ ] i flux as compared to 29 of 71 (41%) of M-CLL (P ϭ .013). Cases of U-CLL appeared variable in terms of signal capacity (Figure 2A ), but heterogeneity in M-CLL was even more striking. Levels of sIgM-[Ca 2ϩ ] i signal were also increased in the CD38 ϩ group (P ϭ .001) ( Figure 2B ) and in the ZAP-70 ϩ group (P ϭ .031; Figure 2C ). Analysis of this large cohort confirms that sIgM-mediated signaling is more commonly detected in U-CLL and correlates with the other markers of U-CLL, CD38 and ZAP-70. We next sought to determine factors that might influence signaling in each subset.
Influence of known prognostic factors
CD38.
To assess the influence of the level of CD38 expression, we used the cutoff of 5% to define sIgM-mediated calcium signaling capacity (sIgM-Ca 2ϩ ) as positive or negative. As anticipated ( Figure 2B ), CD38 expression was higher in the sIgM-Ca 2ϩ responders ( Figure 3A) . Superimposition of mutational status reveals that responders in U-CLL are usually CD38 ϩ , whereas the small number of nonresponders tend to be CD38 Ϫ ( Figure 3B ). Although expression was heterogeneous in the nonresponders, this difference was significant. Figure 3B also confirms previous data 16 showing that there are more CD38 ϩ cases (21 of 38) in U-CLL than in M-CLL (9 of 69). In M-CLL, where the majority are CD38 Ϫ , the 4 cases expressing the highest levels of CD38 (77%-97% positive) The dotted line at 5% shows the cutoff used to define signaling status as positive or negative. For sIgM, the median MFI of all the samples in the cohort was determined to be 50. sIgM hi samples were those with an MFI greater than 50, whereas sIgM lo samples had an MFI below 50. Horizontal bars indicate median values.
were responders, but 4 further cases expressing significant levels (41%-66%) were not. In M-CLL therefore, CD38 did not have statistically significant impact on signaling ( Figure 3B ). The overall association of response with CD38 ( Figure 2A ) is therefore determined mainly by the fact that U-CLL tends to be CD38 ϩ .
Identification of "bimodal" cases in which the tumor clone can be divided into discrete CD38 ϩ and CD38 Ϫ populations 23 allowed assessment of the influence of expressed CD38 on sIgM-mediated signaling. As a prerequisite, we showed in 4 of 4 cases (3 U-CLL and 1 M-CLL), of which 3 of 4 were sIgM-Ca 2ϩ positive, that the binding of the detecting HB7 anti-CD38 monoclonal antibody (mAb) per se did not induce any detectable [Ca 2ϩ ] i responses (data not shown). We also showed in 5 cases (3 U-CLL and 2 M-CLL), of which 4 were sIgM-Ca 2ϩ positive, that addition of anti-CD38 mAb prior to measuring sIgM-mediated signal had no effect (data not shown). Seven cases with bimodal expression of CD38 were then investigated for the ability of the 2 populations to respond to sIgM engagement. An example is illustrated in Figure 4A . Both the percentage of responding cells ( Figure 4B ) and the fold-increase in [Ca 2ϩ ] i in those cells (data not shown) was essentially identical in the CD38 ϩ and CD38 Ϫ populations. Similar results were obtained for all 7 cases, with a slight reduction in response in CD38 Ϫ cells in only one case, and are summarized ( Figure 4C ). Overall, expressed CD38, therefore, does not directly influence responsiveness to sIgM cross-linking but appears to be an independent feature more frequently found in U-CLL.
ZAP-70.
A similar analysis of ZAP-70 expression, which showed a higher expression overall in sIgM-Ca 2ϩ responders ( Figures 2C and 3C) , was carried out. Superimposition of mutational status revealed no apparent influence of ZAP-70 expression on sIgM-signaling response in either U-CLL or M-CLL ( Figure  3D ). In U-CLL, most cases expressed ZAP-70 (27 of 37) and were responders, but a few ZAP-70 Ϫ cases were evident in both responders and nonresponders ( Figure 3D ). For M-CLL, known to be largely ZAP-70 Ϫ , 6,24 11 of 67 cases were positive in our study. These few cases included responders (6) and nonresponders (5), and the majority of responders expressed little or no ZAP-70 ( Figure 3D ). It appears, therefore, that the association of ZAP-70 expression with signaling ability is again due mainly to the fact that this group is largely within U-CLL. It appears not to be a signaling discriminator within each subset.
Influence of sIgM expression
The level of sIgM expression is clearly a determinant of sIgM-Ca 2ϩ signaling in the whole cohort of cases ( Figures 2D and 3E) . Dissection into U-CLL and M-CLL revealed no significant association with signal capacity in U-CLL ( Figure 3F ). This suggests that, in addition to sIgM levels, there may be other factors influencing signal capacity. In M-CLL, however, there was a clear division into responders with sIgM levels comparable to U-CLL and nonresponders with reduced sIgM expression ( Figure 3F ). Expression of sIgM is, therefore, a determinant of sIgM-Ca 2ϩ response in M-CLL, and these cases account for the overall association of nonsignallers with reduced sIgM levels. However, even within M-CLL, there were overlapping cases with similar sIgM expression but different signal capacity ( Figure 3F ). We identified 6 cases with identical sIgM levels (MFI in the 30-35 range) but with sIgM-Ca 2ϩ responses of 11%, 9%, and 30% of cells responding (positive responses) and 0%, 0%, and 2% of cells responding (negative responses). These results are consistent with other factors influencing signal capacity.
In M-CLL, there was an exceptional cohort of 7 cases that expressed high levels of sIgM (MFI Ͼ 200), with positive sIgMCa 2ϩ responses ( Figure 3F ). We investigated these for expression of other prognostic markers. We found that 4 of 7 expressed CD38 and 1 of 6 evaluable cases expressed ZAP-70. It appears therefore that there is no obvious correlation with these markers.
Surface IgD-mediated signaling capacity (sIgD-Ca 2؉ ) in defined CLL subsets
To assess at which level signal competence was compromised in cases failing to respond to ligation of sIgM, we investigated [Ca 2ϩ ] i For personal use only. on July 9, 2017. by guest www.bloodjournal.org From flux following ligation of sIgD. The majority of cases of both U-CLL and M-CLL were able to respond to engagement of sIgD (cutoff of Ն 5%) and there was no apparent difference between the 2 subsets ( Figure 5 ). Among U-CLL, 37 of 38 cases responded beyond the cutoff point with levels mainly (33 of 38) at 15% to 100%, and only 3 of 38 at 5% to 15% and 1 of 38 at 0%. Among M-CLL, 64 of 68 cases responded, with 60 of 68 at 15% to 100% and 4 of 68 at 5% to 15%. There was, therefore, no significant difference between U-CLL and M-CLL in either the level or the frequency of cases responding to sIgD ligation. Because almost all cases were sIgD-Ca 2ϩ positive, there was no influence of the expression of CD38 (P ϭ .876) or ZAP-70 (P ϭ .335). However, the few signal-negative cases (1 U-CLL and 4 M-CLL) were all CD38 Ϫ and three quarters of the M-CLL (but not the single U-CLL) cases were ZAP70 Ϫ . These results indicate that the downstream signaling machinery is intact in 95% of CLL cases overall. Anergy therefore is specific to each sIg isotype, is more common in sIgM, and occurs at the membrane proximal level One explanation for the differential effects of ligating sIgM or sIgD could be a lower ability of the exogenous anti-antibody to bind to and cross-link the target sIgM. Although both antibodies were and used at saturation, it was necessary to check this point. To maximize overall avidity, we added a secondary antibody (polyclonal rabbit anti-goat IgG F(abЈ) 2 ) to bound (FabЈ) 2 antiantibodies. In 2 cases that had failed to signal, this did not induce a signal. Similarly, in 2 cases that were signal responsive, the level of response did not change (data not shown).
Cross-talk between sIgM and sIgD
In cases that were sIgM signal-incompetent and sIgD signalcompetent, the effect of simultaneous ligation of sIgM on the signal mediated via sIgD was assessed. In 3 of 3 cases, selected for significant expression of sIgM (MFI ϭ 51, 43, 67) coaddition of anti-IgM did not affect the signal via sIgD (data not shown). This indicates that there is no detectable negative influence from the anergized sIgM-mediated pathway on the nonanergized sIgDmediated pathway.
Spontaneous recovery of sIgM-Ca 2؉ signal capacity by incubation in vitro
Initial sIgM-Ca 2ϩ signal responses were highly variable between patients, especially within the M-CLL subset, where the majority appeared to be low (Figure 2A) . Because the apparent anergy may be mediated by engagement of antigen in vivo, we explored the possibility of reversing this state by incubating tumor cells in vitro.
We assessed the effect of incubation on the level of response both in cases already showing some degree of response "responders" (7 cases), and in those with less than 5% initial response "nonresponders" (7 cases). Recovery was considered positive if the level increased by more than 6% at 2 time points or, if 2 time points were not available, more than 10%.
Although the majority of cases of U-CLL are responders, we also included nonresponders in the analysis. Similarly for M-CLL, we selected both responders and nonresponders.
In a total of 10 of 14 cases (4 of 4 U-CLL, 6 of 10 M-CLL), there was clear recovery of sIgM-Ca 2ϩ signal capacity generally evident by 24 hours and usually reaching a plateau at 48 hours ( Figure 6A-B) . The responder group showed recovery in 4 of 7 cases (2 U-CLL, 2 M-CLL; 255, 231, 191, and 239) and the nonresponder group in 6 of 7 (2 U-CLL, 4 M-CLL; 159, 201, 169, 153, 261, and 299; Figure 6B ). The remaining 4 cases showed no change.
The 4 responders that acquired further signaling capacity also showed an increasing expression of sIgM ( Figure 6C ). However, 2 cases (269 and 273) showed an increase in sIgM expression but failed to recover signaling capacity. One case (189) failed both to recover signal capacity and to increase sIgM expression significantly. Among the 6 initial nonresponders that showed recovery of signal capacity in vitro, the 5 evaluable at 72 hours all increased expression of sIgM, although one (261) was low ( Figure 6D ). The single nonresponder (236) that failed to recover signal capacity did increase sIgM expression. In summary, therefore, correlation between recovery of signal capacity and sIgM expression was strong, but not all cases that re-express sIgM were able to recover signal capacity.
Viability was falling in all cases over the 72-hour period, but there were no overall differences between the responders and nonresponders, or between cases showing recovery of sIgM signal capacity or not (data not shown). One exception was case 189, a responder, which failed to recover and showed a relatively rapid loss of viability.
Recovery of sIgM-Ca 2؉ signal capacity following endocytosis and re-expression
Because bound antigen could potentially be removed by an active process of endocytosis and re-expression of sIg, we investigated the effect of this on signaling capacity. We selected 2 sIgM-Ca 2ϩ responders (1 U In all cases of both responders and nonresponders, the effect of the F(abЈ) 2 anti-L was to remove all signal capacity and sIgM expression ( Figure 6E-H) . Subsequent incubation then restored both signaling ( Figure 6E ,F) and sIgM expression ( Figure 6G,H) , remarkably reaching almost exactly the levels achieved by incubation alone at 72 hours (circled symbols). In all 6 cases, recovered signal capacity and sIgM expression were greater than in the original tumor cells. These data confirm the link between sIgM expression and signaling and indicate again the ability of CLL cells to reverse a weakened signal capacity in vitro either spontaneously or by active endocytic removal/re-expression.
The [Ca 2ϩ ] i response to engagement of sIgD was positive (Ͼ 5%) in all 14 cases of either sIgM-Ca 2ϩ responders or nonresponders, and did not change significantly over the 72-hour incubation period (Figure 7A-B) . Only one case (255) showed some increase in the sIgD response ( Figure 7A) , and this was a sIgM responder. Others were stable in signal level out to72 hours. In no case was there clear evidence of an increase in expression of sIgD ( Figure 7C-D) , but rather a tendency to decrease over time. Following treatment with F(abЈ) 2 anti-L, both sIgD expression and signal capacity were lost or significantly reduced ( Figure  7E-H) . Recovery occurred in both sIgM-Ca 2ϩ responders and nonresponders over time, generally reaching the levels achieved by spontaneous recovery in 72 hours. For sIgD, therefore, there is less evidence for anergy in vivo, but the recovery following endocytosis is similar to that for sIgM.
In summary, the increase in signal capacity and sIgM expression indicates loss of an anergizing BCR ligand following incubation in vitro. Increases appear possible in both M-CLL and U-CLL. The lack of effect on sIgD is consistent with the finding that sIgD is apparently not anergized to the same extent in vivo by BCR engagement.
Discussion
Although the clinical course of CLL appears highly dependent on whether the cell of origin has acquired somatic mutations in the immunoglobulin V genes, only minimal differences in phenotypic or gene expression profiles between U-CLL and M-CLL have been detected so far. 4, 5 One reason for this may be that critical activation and proliferative events occur in the tissues, and cells obtained from blood have had time to lose the features associated with these events. 25 This must also apply to signaling events mediated via the BCR and might account for the detection of trends rather than of absolute differences between the subsets.
In measuring the ability of blood cells to respond to crosslinking of sIg, we are assessing the signaling capacity remaining after stimulation that might be occurring in vivo. This is a challenging setting especially because there is little information from normal B cells on how BCR activation occurs in vivo and for how long the intracellular pathways maintain the activated state. We have used mobilization of [Ca 2ϩ ] i as an indicator known to correlate with phosphorylation of Syk, BLNK, and PLC␥. 18 We have distinguished responders from nonresponders by the ability of 5% or more of the clone to increase [Ca 2ϩ ] i on stimulation in vitro. Single-cell analysis has allowed reproducible detection of these small responsive populations within the clone. The clear distinction from nonresponders suggests a functional dichotomy between completely unresponsive cases and those showing residual ability to respond, a distinction that might be more evident in tissue sites.
The 3 current indicators of poorer prognosis in CLL are: V-gene mutational status, expression of CD38, and expression of ZAP-70. Signaling via sIgM in vitro correlates with all 3, but that does not prove functional linkage. Although CD38 can apparently act as a For personal use only. on July 9, 2017. by guest www.bloodjournal.org From signaling molecule in CLL and, in the presence of IL-2, influence BCR signaling, 26 our studies failed to show any difference in signal capacity in CD38 ϩ or CD38 Ϫ subpopulations of the same clone. Our results differ from another study that reported a higher level of global phosphorylation in sorted CD38 ϩ subpopulations. 27 In fact, we checked global phosphorylation in our cases and could not confirm this difference (data not shown). One possibility is that the long-term engagement by anti-CD38 during sorting affected outcome. It remains possible that CD38 could modulate tumor behavior at tissue sites, or, alternatively, it could be simply a marker of activation.
ZAP-70 is a tyrosine kinase and is likely to influence BCR signaling. It is a strong prognostic factor 6, 7 and when transfected into ZAP-70 Ϫ CLL cells, enhances signal competence. 18 A recent study failed to detect direct phosphorylation of ZAP-70 following BCR ligation and suggested instead that signal enhancement by ZAP-70 might result from prolongation of phosphorylation of Syk. 28 We find that signal competence as measured by increased [Ca 2ϩ ] i does correlate with ZAP-70 expression. However, we could not detect a specific association of expression with signal competence within the 2 subsets. The apparent irrelevance of ZAP-70 expression for signaling, especially in M-CLL, could indicate that ZAP-70 has different roles in U-CLL and M-CLL.
An investigation of CLL using apoptotic indicators as a measure of response to cross-linkage of sIgM by immobilized antibody also revealed independence from ZAP-70. Responding cases generally correlated with poor prognosis but a group of responsive ZAP-70 Ϫ M-CLL cases was identified, which had evidence of disease progression. 29 This proposes signaling as a stronger determinant of clinical behavior than mutational status or expression of ZAP-70, a conclusion that requires further investigation. We are currently accumulating more outliers (U-CLL, sIgM-Ca 2ϩ nonresponders/M-CLL, responders/ZAP-70 ϩ , nonresponders/ZAP-70 Ϫ , responders) to address this point, but larger numbers and longer follow-up will be required to provide a clear answer.
The main determinant of sIgM-mediated signaling is the level of sIgM expression. In general, U-CLL expresses more sIgM and M-CLL has down-modulated expression to the point of signal anergy. However, differences in responsiveness among cases with similar sIgM expression levels suggest that additional factors could be contributing to the failure to respond. Prior to molecular definition, we are using the term "anergy" to describe the overall failure to respond. In contrast to sIgM, as suggested previously in a small cohort, 16 sIgD remains signal competent in almost all cases. Differential responsiveness of sIgM and sIgD to antigen engagement has been observed in mouse B cells, and appears due to a weaker association of the transmembrane regions with Ig-␣/Ig-␤. 30 The key question for CLL is whether relative or complete anergy derives from engagement of antigen in vivo, and what effect this has on proliferation or apoptosis. Indications of a role for (super)antigen in the pathogenesis of CLL include asymmetry of V-gene usage in both subsets, and conservation of certain CDR3 sequences, especially evident in U-CLL. 1, 3, [31] [32] [33] Expression of activation markers is also consistent with a continuing role for antigen after transformation. 34 Direct evidence for antigen engagement in vivo is now provided by the finding that, in the majority of cases from both subsets, sIgM-mediated signal competence can be reversed by incubation in vitro or by endocytosis/re-expression. Although alternative events occurring in vitro, such as a spontaneous reprogramming of sIgM signaling pathways, cannot be discounted, removal of antigen seems the likely explanation in most cases. Removal from an anergy-inducing signal operating in vivo apparently allows sIgM to recover, and this reversibility argues against an intrinsic defect in the biosynthesis of BCR components. 35 It is remarkable given that tumor cells are losing metabolic vigor in vitro and need to reacquire both sIgM expression and to reverse anergic status. These demands could explain why all cases do not show this phenomenon, but the alternative explanation may be that some putative autoantigens are expressed within the tumor cell population. 36 Also there may be additional anergy-inducing pressures operating in vivo, which are irreversible in vitro. In line with the nonanergized status of sIgD, incubation or endocytosis/reexpression had little or no effect on sIgD signaling or expression.
If antigen bound in vivo mimics the effects of BCR engagement in vitro, the outcome for the cell will depend on the integration of signals via sigM and sIgD. Anergized normal B cells have a reduced life span in mice, 37 but anergy appears isotype dependent in CLL. Evidence for isotype-specific effects of signaling is available from a mouse cell line where apoptosis was induced by cross-linkage of sIgM but not sIgD. 38 For a single case of CLL, it was observed that anti-IgM antibodies suppressed subsequent cytokine-induced proliferation, suggestive of apoptosis, whereas anti-IgD did not. 39 More recently, a study of CD38 ϩ CLL reported a similar isotype-specific effect on apoptosis. 40 Another group obtained opposing results, 41 but neither study defined the cases by mutational status.
Collectively these observations point toward differing outcome of signaling via sIgM and sIgD. The effects of antigen binding to both isotypes in vivo cannot yet be determined. Cross-talk between the isotype-mediated effects may occur, but, in contrast to mouse studies of transfected cells, there appears to be no effect of ligating anergized sIgM on nonanergized sIgD. The effects of coligation using anti-L chain antibodies are currently being investigated. So far, our investigation has focused on membrane proximal events. The pathways between those and apoptosis need to be explored for isotype-specific effects. We plan to dissect the downstream intracellular pathways activated by either sIgM or sIgD in individual CLL clones that respond to both, using single-cell phosphorylation analysis of key signaling intermediates. 42 This strategy should also allow investigation of intrinsic levels of phosphorylation in freshly isolated cells, thereby providing insight into events occurring in vivo.
Although dynamic, sIgM-mediated signal competence in vitro appears to unite the 3 important prognostic markers, V H -gene mutational status, CD38, and ZAP-70, pointing to relevance for tumor behavior. The route to anergy seems easier for M-CLL and continuing antigen-induced anergy in vivo may control tumor expansion. The role of ZAP-70 remains enigmatic but could differ between U-CLL and M-CLL. It is highly likely that ZAP-70 is involved in signaling in expressors 18 and ZAP-70-mediated modulation of downstream events could influence final outcome for the cell thereby providing the key to malignant behavior.
